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ABSTRACT Reactive oxygen species (ROS) act both as cytotoxic agents and essen-
tial signaling molecules. In the nematode-trapping fungus Arthrobotrys flagrans, we
investigated how ROS coordinate the development and function of adhesive trapping
networks used to capture Caenorhabditis elegans. We demonstrate a distinct functional
specialization between the two NADPH oxidases NoxA and NoxB, which are both
activated by the regulatory subunit NoxR. The NoxB-NoxR complex was specifically
active in trap cells, where it was required for producing the adhesive “glue” for prey
capture. In contrast, NoxA localized to the plasma membrane of vegetative hyphae and
was required for hyphal fusion and trap closure. NoxA was activated by the pulsatile
recruitment of NoxR to the hyphal tip, suggesting oscillatory ROS production during
hyphal expansion and hyphal fusion. Nox complexes initially generate superoxide, which
is probably converted to more stable hydrogen peroxide (H,0O,) and serves as a key
spatial signal. Together, these findings reveal a remarkable division of labor between Nox
isoforms, where spatial compartmentalization of ROS signaling drives fungal morpho-
genesis and predatory behavior.

IMPORTANCE Reactive oxygen species (ROS) are not only toxic byproducts of mitochon-
drial activity but also important signaling molecules in eukaryotes. To fulfill this signaling
role, ROS production must be tightly regulated. NADPH oxidases are key contributors to
controlled ROS generation, as they may be regulated at the transcriptional level, targeted
to specific cellular locations, and activated by dedicated regulatory proteins. Here, we
investigated the role of NADPH oxidases in the nematode-trapping fungus Arthrobotrys
flagrans and show that two NADPH oxidases serve distinct roles: one is required for trap
function, while the other mediates cell-to-cell communication and is required for hyphal
fusion and trap closure. The latter finding suggests ROS, most likely H,0,, as a diffusible
signaling molecule between communicating fungal cells.

KEYWORDS NADPH-oxidases, nematode trapping, ROS, cell fusion, cell communica-
tion, Arthrobotrys

R eactive oxygen species (ROS), including superoxide anions (O,~), hydrogen peroxide
(H,0,), and hydroxyl radicals (+OH), are ubiquitous signaling molecules in eukaryotic
organisms (1, 2). Although traditionally regarded as damaging byproducts of aerobic
metabolism, ROS are now recognized as crucial signaling molecules that regulate
diverse cellular processes, including development, stress responses, and host-pathogen
interactions (3, 4). The spatial and temporal control of ROS production is essential, as
imbalances can lead to oxidative stress and cellular dysfunction (5).

Although the mitochondrial respiratory chain is a major source of ROS, eukaryotic
cells also produce ROS actively through specialized enzymes known as NADPH oxidases
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(Nox) (6). These membrane-associated, heme-containing flavocytochromes catalyze the
transfer of electrons from cytosolic NADPH to molecular oxygen, generating superox-
ide, which is converted to more stable ROS like hydrogen peroxide (7). In animals,
Nox-derived ROS regulate processes such as immune defense, cell proliferation, and
apoptosis (8). In plants, they act as key messengers in development, stress responses,
and pathogen defense (9). In root hairs, oscillatory feedback loops between Ca** and ROS
regulate tip growth and cell wall expansion (10). Beyond localized signaling, ROS have
been identified as mediators of long-distance communication. In zebrafish, for instance,
tissue-scale gradients orchestrate leukocyte recruitment to injury sites (11). In plants, a
ROS wave mechanism was shown where ROS produced by one cell's NADPH oxidase
triggers production in neighboring cells, enabling systemic stress signaling across the
entire organism (12).

In fungi, three subfamilies of Nox proteins are distinguished: NoxA, NoxB, and NoxC
(13). NoxA and NoxB are structurally similar to the mammalian gp91°"*, whereas NoxC
is more rarely found and contains a characteristic EF-hand calcium-binding domain,
resembling the plant Rboh (respiratory burst oxidase homologs) family (14). Like the
human activator p67°"*, the fungal NoxR protein functions as an essential activator of
the Nox complex (15). Additional regulatory proteins include the guanine nucleotide
exchange factor Cdc24, the small GTPase Rac, and the scaffold protein Bem1 (16, 17).
Furthermore, NoxA interacts with the membrane protein Hamé, while NoxB requires Pls1
(18-20). Deletion of hamé or plsA results in phenotypes that partially overlap with those
observed in nox-deletion mutants. In Botrytis cinerea, deletion of plsA, in contrast to noxB,
was found to impair female fertility but not ascospore germination. Furthermore, plsA
deletion did not affect ROS production (21).

Phylogenetic analyses suggest that most fungal species possess two distinct NADPH
oxidases, NoxA and NoxB. In several filamentous fungi, such as Magnaporthe oryzae,
Botrytis cinerea, and Verticillium dahliae, both NoxA and NoxB are crucial for plant
virulence (18, 21-24). Corresponding deletion mutants show defects in appressorium
formation and penetration of plant tissues. It has been demonstrated that Nox activ-
ity is required for the proper assembly of the actin-septin ring at the penetration
site (24). In addition to their roles in pathogenicity, Nox proteins are also involved in
spore development, apical dominance, cell fusion, mutualistic interactions, and oxidative
stress resistance (25-28). Unicellular yeasts were long believed not to use Nox proteins.
However, an intracellular Nox enzyme, Yno1l, has been identified in Saccharomyces
cerevisiae and shown to generate intracellular ROS, which are thought to play important
roles in apoptosis and cytoskeletal regulation (29, 30). In Candida albicans, by contrast,
the ferric reductase Fre8 is strongly induced during hyphal growth, and the resulting
ROS production is essential for morphogenesis and virulence (31). Unlike classical Nox
enzymes, these yeast ROS-generating enzymes do not require a NoxR activator.

Nematode-trapping fungi comprise a unique group of ascomycetes, basidiomycetes,
and zygomycetes that are capable of forming specialized trapping structures to capture
nematodes (32). Under nutrient-rich conditions, these fungi typically grow saprotrophi-
cally and do not develop traps, thereby avoiding the energetic costs associated with
trap formation. In contrast, nutrient limitation, particularly nitrogen starvation, combined
with the presence of nematodes or nematode-derived signals, induces the development
of trapping structures. These traps display distinct cellular characteristics compared
to vegetative hyphae (32). Arthrobotrys flagrans (formerly Duddingtonia flagrans), an
ascomycete, produces adhesive ring-shaped traps that enable the efficient capture of
nematodes (33). The fungus forms a fluffy mycelium consisting of aerial hyphae, which
are interconnected through extensive hyphal fusion, resulting in a highly integrated
mycelial network. Reproduction occurs through the production and dispersal of conidia
and chlamydospores, whereas a sexual stage has not yet been reported. Through
long-term co-evolution between predator and prey, fungi like A. flagrans have evolved
specialized virulence factors and metabolites to lure nematodes into these traps and
facilitate their digestion (34-38). To regulate trap morphogenesis, nematode-trapping
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fungi utilize specialized G-protein-coupled receptors that sense nematode-derived
molecules and modulate downstream signaling pathways (39, 40). The trap formation
process requires special polarity markers like the cell-end marker proteins to bend the
trap into a ring shape (41, 42). Formation of a complete trap requires somatic cell
fusion at the ends of the trap. This process is coordinated through a so-called “ping-
pong” communication mechanism or dialog, in which interacting cells alternately act as
signal senders and receivers (43-45). Previous studies have shown that reactive oxygen
species play an important role in this process (25). In Arthrobotrys oligospora, ROS were
demonstrated to function as trap-inducing signals, and deletion of noxA resulted in a
reduced number of traps compared to the wild type (46).

In this study, we investigated the role of NADPH oxidases in A. flagrans and showed
that NoxA and NoxB fulfill distinct biological functions. While NoxA is specifically
required for somatic cell fusion and trap closure, NoxB is essential for trap functioning.

RESULTS
The NADPH-oxidase NoxA and the activator NoxR are required for cell fusion

Fungal Nox proteins share the typical structural features of the family, including six
transmembrane helices, two FAD-binding, and two NADPH-binding domains (14). To
identify Nox components in A. flagrans, BLAST searches were performed using homologs
from other fungal species. NoxA (DFL_005041), NoxB (DFL_009580), NoxR (DFL_001795),
and PIsA (PIs1) (DFL_002727) were identified in A. flagrans, all of which exhibit the
characteristic domain architecture (Fig. 1A and B). NoxB is slightly larger than NoxA
due to a small N-terminal extension. The Nox activator NoxR contains several tetratrico-
peptide repeats (TPRs), as well as a PB1 domain that mediates protein-protein inter-
actions. The tetraspanin Pls1, which interacts with NoxB at the membrane, contains
four transmembrane domains (23). In addition, two NoxR-like proteins (DFL_008703;
DFL_002559) were detected, showing high overall similarity to NoxR but possessing a
slightly divergent Nox-activation domain.

To investigate the role of Nox proteins in A. flagrans, deletion mutants of noxA, noxB,
plsA, and noxR were generated via homologous recombination, along with the corre-
sponding recomplemented strains. On solid medium, only the noxA and noxR mutants
displayed a visible phenotype (Fig. 1C). While the WT forms aerial hyphae, resulting in a
fluffy colony morphology, the AnoxA and AnoxR strains exhibited a flat colony surface.
The lack of aerial mycelium resembles hyphal-fusion mutants (47). In contrast, the AnoxB
and AplsA strains still produced extensive aerial hyphae similar to the WT. Indeed, both
AnoxA and AnoxR strains were unable to undergo hyphal fusion. Although A. flagrans
usually performs frequent cell-cell fusions within the colony, the defect was most evident
in trap morphology. Traps were induced on low-nutrient agar in the presence of
nematodes. In the wild type, most traps re-fuse at the ends of the rings, forming closed
three-dimensional loops. In contrast, traps of the AnoxA and AnoxR mutants never
underwent fusion, resulting in open, screw-like structures (Fig. 1C). The AnoxB and AplsA
strains did not display any hyphal-fusion phenotype. Therefore, we next analyzed the
functionality of the traps in virulence assays.

NoxB, NoxR, and PIsA are required for effective nematode trapping

In the first attempts to evaluate the trapping efficacy of the traps in the different
mutants, it became apparent that the AnoxB, AplsA, and AnoxR mutants contained a
higher proportion of empty traps compared to the wild-type and the noxA-deletion
strain. Captured large nematodes were rarely observed in these mutants. Therefore, an
assay was performed to quantify the effect. First, nematodes were synchronized to
ensure uniform sizes. A. flagrans was grown on low-nutrient medium (LNM) agar, and
trap formation was induced by adding a mixed nematode population. The following day,
nematodes were washed off the pads, and 0.25 cm? agar pads containing the fungal
mycelium and traps were excised. Approximately 150 synchronized nematodes were
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FIG 1 Only the NoxA-NoxR complex is required for hyphal fusion and trap formation. (A) Simplified model of the NADPH oxidase complexes NoxA and NoxB.
NoxA and NoxB interact with the regulatory subunit NoxR to produce superoxide (O,7). PIsA is a tetraspanin/transmembrane protein that specifically interacts
with NoxB. (B) Domain architecture of the Nox components NoxA, NoxB, NoxR, and PIsA. Transmembrane domains (orange), FAD-binding domains (green),
NADPH-binding domains (red), TPR domains (yellow), and the PB1 domain (blue) are indicated. (C) Phenotypic characterization of colony growth, aerial hyphae,
and trap formation. Top row: colony morphology on potato dextrose agar (PDA) plates after 6 days of incubation. Colony diameter was unchanged. However,
AnoxA and AnoxR strains exhibited reduced aerial hyphae. Middle row: side view of aerial hyphae. AnoxA and AnoxR colonies remained flat compared to WT,
AnoxB, and AplsA strains. Bottom row: trap formation on low-nutrient medium (LNM) induced with a mixed population of nematodes. WT, AnoxB, and AplsA
formed normal traps that closed via hyphal fusion, whereas AnoxA and AnoxR strains were defective in hyphal fusion, resulting in open traps. Scale bar: 10 um.

then applied to each pad. After 30 min, the number of empty traps and traps containing
a nematode was recorded. Time-lapse videos of the capture process were taken using a
stereomicroscope (Movies S1 to S3).

The wild type rapidly captured nematodes, and after 30 min, a large number of
animals were caught in the traps (Fig. 2A and B). Approximately half of the traps
contained a nematode. The AnoxA strain, despite its altered trap morphology, captured
only slightly fewer nematodes compared to the WT. In contrast, the AnoxB, AnoxR,
and AplsA strains exhibited a pronounced defect in trapping efficiency and were
nearly incapable of restraining larger nematodes. Although some traps contained small
nematodes, which were used for trap induction the day before, indicating that the
mutants are still capable of capturing and colonizing nematodes, the videos revealed
that larger nematodes frequently escaped from the traps after initially being caught
(Fig. 2C). These observations suggest that traps formed by the AnoxB, AnoxR, and AplsA
strains possess reduced adhesive strength: sufficient to retain small nematodes, but not
sufficient to effectively restrain larger prey.

In Magnaporthe grisea, deletion of Nox proteins has been shown to impair forma-
tion of the actin-septin ring required for host penetration (24). To confirm whether
a similar mechanism works in A. flagrans, we tagged the septin Cdc10 with mCherry
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FIG 2 The NoxB-NoxR complex is required for trap functionality. (A, B) The WT and AnoxA, AnoxB, AplsA, and AnoxR strains
were grown on LNM media, and the traps were induced with a mixed population of nematodes. After 1 day, the nematodes
were washed off, and a synchronized population of L4 nematodes was put on a 0.25 mm’ excised block of LNM for each
respective strain. Traps containing a nematode and empty traps were quantified after 30 min. The AnoxA mutant exhibited
a slight reduction in trapping efficiency, whereas AnoxB, AplsA, and AnoxR strains showed a severe reduction in trapping
efficiency compared to WT. n = 3. (C) Time-lapse imaging of nematode capture by WT and AnoxB strains. Red asterisks indicate
empty traps; arrows mark captured nematodes that subsequently escape after several minutes. WT efficiently captured
nematodes within a short time frame, while AnoxB was incapable of capturing adult nematodes. Scale bar: 200 pm. (D) The
septin Cdc10 forms a ring at the nematode penetration site. Both WT and AnoxB strains formed intact septin rings and
successfully penetrated captured nematodes. Scale bar = 10 um. (E) Analysis of trap formation after 1 day of incubation with
nematodes on LNM. No significant differences in trap numbers were observed among the strains. (F) ROS visualization by nitro
blue tetrazolium chloride (NBT) staining. Data are presented as mean * s.d. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
ns, not significant (two-tailed unpaired t-test).
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and ectopically integrated the construct into the WT and AnoxB strains (Fig. 2D). Upon
nematode capture, both strains displayed a distinct ring-shaped Cdc10 signal at the
penetration site. Thus, we found no evidence that actin-septin ring formation is compro-
mised in the AnoxB strain.

Notably, quantification of trap formation after nematode induction revealed no
significant change in the deletion strains compared to the WT (Fig. 2E). The AnoxR strain
even showed slightly higher trap numbers than the WT. This contrasts with observations
in A. oligospora, where deletion of noxA results in reduced trap numbers compared to WT
(46). These findings indicate that, despite their close relatedness, the two species exhibit
molecular differences in the regulation of trap development.

To assess ROS production in the different strains, we used nitro blue tetrazolium
chloride (NBT) staining, which forms a dark violet precipitate upon oxidation. After 30
min of incubation, increased staining was observed in traps and at hyphal tips in WT
(Fig. 2F). The same staining pattern was also detected in all mutant strains. The absence
of detectable differences between the WT and the nox-deletion strains has also been
reported in other fungal species and suggests the presence of additional ROS-producing
mechanisms that contribute significantly to extracellular ROS levels (21, 48). After the
description of the very distinct phenotypes of the noxA- and the noxB-deletion strains,
we aimed at explaining the phenotypes at the molecular level.

Distinct gene sets are regulated by NoxA and NoxB

To further investigate the roles of NoxA and NoxB in A. flagrans, an RNA-seq analysis was
performed. Three biological replicates of the WT, AnoxA, and AnoxB strains, which were
induced with nematodes, were pooled and processed for RNA sequencing.

In the AnoxA strain, 1,119 genes were upregulated and 948 genes were downregula-
ted relative to the WT. In the AnoxB strain, 371 genes were upregulated and 303 were
downregulated (Fig. STA and B and S2). Enrichment analysis revealed that both mutants
displayed significant alterations in genes associated with carbohydrate metabolism (Fig.
S1C). Notably, the AnoxB mutant showed a specific enrichment in pathogenesis-related
genes, a pattern not observed in the noxA-deletion strain.

noxB and plsA are upregulated during trap formation, while noxA is downre-
gulated

As a first step to understand the role of NoxA and NoxB in trap morphogenesis and
trap functioning, we analyzed the expression of noxA, noxB, noxR, and plsA using
a promoter-reporter assay. To this end, the respective promoters were fused to a
histone(h2b)-mCherry construct, resulting in fluorescently labeled nuclei if the promoters
are active. Targeting of the fluorescent protein to nuclei prevents misinterpretations
due to autofluorescence in the cytoplasm. Hence, the fluorescent signal intensity in
nuclei reflects promoter activity in the corresponding cellular regions (Fig. 3A). As a
control for constitutive expression, the h2b promoter was fused to a histone-GFP open
reading frame. Fluorescence microscopy revealed that noxB and plsA promoters were
strongly activated in traps and in the surrounding hyphal regions. In contrast, noxA
and noxR promoters were also highly active in vegetative hyphae in the absence of
nematodes. Fluorescence in vegetative hyphae was not obvious if, in the observed
area, highly fluorescent traps were present and the exposure time was adjusted to the
trap fluorescence. Therefore, we selected a round area away from a trap and increased
the brightness of that area until the fluorescence of nuclei became apparent. Quantifica-
tion of nuclear fluorescence (n = 75 nuclei) in traps and trap-free mycelium confirmed
these observations. Nuclei within traps exhibited markedly higher fluorescence in the
noxB and plsA promoter fusion strains, whereas fluorescence in vegetative hyphae was
barely detectable. In contrast, the noxA and noxR promoter fusions showed no signifi-
cant difference in nuclear fluorescence between trap and non-trap regions, with nuclei
remaining readily visible in both tissues (Fig. 3B).
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FIG 3 The noxA gene is expressed in hyphae, whereas the noxB gene is upregulated in traps. (A) Fluorescence microscopy of
strains expressing h2b(p)::h2b::GFP as a constitutive control and h2b::mCherry under the control of the noxA, noxB, plsA, or noxR
promoters. Asterisks indicate trap structures, and white circles highlight magnified regions lacking traps. In vegetative hyphae,
nuclei were barely detectable in strains carrying the noxB and plsA promoter fusions, whereas strong nuclear fluorescence was
observed in traps. Scale bar = 200 um. (B) Quantification of mean fluorescence intensity for the indicated promoter constructs.
Blue dots represent nuclei in vegetative hyphae, and red dots represent nuclei in traps. noxB and plsA promoters exhibited
significantly higher fluorescence in traps compared to noxA and noxR promoters. n = 75 nuclei. (C) Relative gene expression
levels of noxA, noxB, plsA, and noxR measured by RT-qPCR under uninduced (black) and nematode-induced (gray) conditions
(n = 3). noxA is downregulated, while noxB, plsA, and noxR are upregulated during trap formation. Data are presented as mean
+5.d. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant (two-tailed unpaired t-test).

To further quantify gene-expression levels, qPCR analyses were performed using
wild-type cultures grown on LNM for 2 days, either with or without nematodes (Fig. 3C).
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The experiment was conducted in three biological replicates. Relative expression of noxA,
normalized to the housekeeping gene h2b, decreased during trap formation from 0.32
(£0.06) in uninduced cultures to 0.073 (£0.007) upon nematode induction. In contrast,
noxB expression significantly increased from 0.018 (+0.007) in uninduced cultures to
0.05 (+0.0044) under induced conditions. Expression of plsA also increased from 0.012
(£0.0033) in the control to 0.09 (+0.008) during trap induction, whereas noxR exhibited a
moderate increase from 0.03 (+0.01) to 0.06 (£0.014). In conclusion, both noxB and plsA
were upregulated during trap formation, consistent with their trap-localized promoter
activity. noxR displayed a small increase in expression, although the promoter-fusion
assay did not show a clear induction, likely due to promoter activity already being high in
vegetative hyphae, reducing the detectable dynamic range. noxA was the only gene that
showed no evidence of upregulation in either the promoter fusion or the gPCR assay.

NoxA localizes at the membrane of vegetative hyphae, while NoxB and PIsA
localize in vesicles at the inner rim of traps

To further investigate the subcellular localization of the respective proteins, NoxA, NoxB,
NoxR, and PIsA were tagged with GFP and expressed under their native promoters,
and the fusion constructs were ectopically integrated into the genome. NoxA was
tagged either at the N- or the C-terminus in two independent strains, and both variants
exhibited similar localization patterns (Fig. 4A; Fig. S3). The protein localized to the
cytoplasmic membrane of vegetative hyphae but was never detected at the membrane
of mature traps. Strong fluorescent signals were frequently observed in vacuoles or
diffuse in the cytoplasm, which may indicate overexpression-induced degradation. The
AnoxA phenotype was complemented using a C-terminal GFP fusion construct, which
successfully restored the wild-type phenotype.

In contrast, N-terminally tagged NoxB localized to the inner membrane of traps
in vesicle-like structures (Fig. 4B). No change in localization was observed when a
nematode was captured. When tagged at the C-terminus, NoxB accumulated in most
traps only in one or two compartments, likely corresponding to the early trap-forming
cells (Fig. 4C). A strong cytoplasmic signal, possibly originating from the endoplasmic
reticulum, was also observed when tagged C-terminally. These observations suggest that
the first two trap cells actively produce NoxB and display trap-specific characteristics,
whereas the distal cell, which reconnects with the vegetative hypha, may transit back
to a non-trap identity. Notably, only the N-terminal GFP fusion of NoxB was able to
complement the AnoxB phenotype. In contrast, the C-terminal GFP fusion construct
failed to restore nematode capture, indicating that the C-terminal tag renders the protein
non-functional.

NoxR predominantly localized to the tips of growing hyphae, forming a crescent-sha-
ped pattern (Fig. 4D). In traps, NoxR was also detected at the trap tips. A slight increase
in fluorescence was observed in the first trap compartments compared to vegetative
hyphae. The presence of NoxR at the tip of trap cells together with the described
phenotype suggested a role in cell-to-cell communication prior to hyphal fusion.

PIsA, a tetraspanin known to interact with NoxB, similarly localized to the inner rim of
traps in vesicle-like structures (Fig. 4E). The AplsA complementation was done with the
C-terminal GFP fusion construct. Co-localization analyses confirmed that PIsA and NoxB
accumulate at the same subcellular positions (Fig. 4F). Notably, both proteins displayed
stronger fluorescence signals in the first trap cell than in the trap cell that subsequently
fuses with the basal hypha.

NoxR is oscillating at the hyphal tip

Given that the deletion of noxR resulted in a fusion-deficient phenotype and considering
its distinct localization at the hyphal tip, we monitored NoxR in growing vegetative
hyphae both in the absence of a fusion partner (monolog) and in the presence of a
fusion partner (dialog) (Movies S4 and S5). In solitary hyphae, the NoxR signal indeed
oscillated over time. When two hyphae approached each other for fusion, the signal
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FIG 4 The NoxA complex localizes to the membrane of hyphae, whereas the NoxB complex resides at the inner rim of traps. (A) GFP-NoxA localized to the
plasma membrane of vegetative hyphae and to vacuole-like compartments. In traps, plasma membrane localization was not detectable. (B, C) N-terminal and
C-terminal GFP fusions of NoxB displayed distinct localization patterns. GFP-NoxB localized to vesicle-like structures at the inner rim of traps, whereas NoxB-GFP
was restricted to the first two trap compartments with strong intracellular accumulation. Only the N-terminal GFP fusion is functional. (D) NoxR-GFP localized
in a crescent-like pattern at the tips of growing hyphae. During trap formation, enhanced intracellular signals were observed in the first trap compartments. (E,
F) PIsA-GFP showed a localization pattern similar to NoxB, forming dot-like structures at the inner rim of traps. Co-localization revealed overlapping signals. Scale
bar trap: 10 um. Scale bar hyphae: 5 um. Scale bar NoxA magnification: 2 um.

oscillated alternately between the two fusion partners (Fig. 5A and D). To quantify the
oscillation period, seven hyphae were analyzed in monolog (n = 20 oscillation cycles) and
six hyphae in dialog (n = 37 oscillation cycles) conditions, revealing that the oscillation
period in dialog was slightly shorter with 124 (+21) seconds compared to the monolog
with 142 (£18) seconds (Fig. 5B and C). These results suggest rhythmic interaction and
activation of NoxA at the tip of hyphae.
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FIG 5 Oscillatory dynamics of NoxR and Ca®* signaling. (A) Time-lapse imaging showing oscillatory recruitment of NoxR-GFP and intracellular calcium levels

(R-GECO) during hyphal fusion. Asterisks indicate calcium spikes in the respective hyphae. Calcium spikes occurred shortly after peaks in NoxR fluorescence. Scale

bar = 5 um. (B, C) Frequency distribution of NoxR oscillations during interactions with a fusion partner (dialog, n = 37 oscillation cycles) or in the absence of a

partner (monolog, n = 20). Oscillation period was shorter in the absence of a fusion partner. (D) Fluorescence intensity profiles of NoxR in two fusing hyphae

(NoxR T1 and NoxR T2), revealing antiphasic oscillations. (E) Fluorescence intensity of calcium (R-GECO) and NoxR within the same hyphae during fusion, showing

frequent temporal overlap of signal peaks.

These observations led us to hypothesize that hydrogen peroxide production itself
might oscillate, similar to the oscillatory interplay between calcium and ROS described
in plant root hairs (49). We attempted to visualize ROS using CellROX Orange; how-
ever, staining predominantly highlighted intracellular, mitochondria-associated ROS. We
therefore tested OxyBURST Green H2HFF-BSA, a dye previously used in plant root hairs,
but this approach did not yield a clear signal in A. flagrans (10). In plants, calcium
and ROS oscillate within a similar temporal framework, with calcium peaks typically
preceding ROS maxima (49). Calcium oscillations have also been reported during hyphal
fusion in A. flagrans (45). To place NoxR oscillations within this broader signaling
context, we analyzed calcium dynamics simultaneously with NoxR localization (Fig. 5E).
To visualize calcium concentrations, the genetically encoded calcium sensor R-GECO was
used (45, 50). In growing hyphae, calcium signals were generally weaker and less clearly
oscillatory than the NoxR signal in monolog and dialog conditions. Nevertheless, in many
hyphae, calcium and NoxR oscillations appeared to occur in a similar phase, although
calcium peaks often seemed to lag slightly behind the NoxR peaks.

DISCUSSION

In eukaryotic systems, NADPH oxidases are key regulators of redox-dependent signaling
and play essential roles in processes ranging from cell growth to pathogenicity. In fungi,
Nox proteins are involved in sexual spore differentiation, hyphal fusion, mutualistic
interactions, and virulence (14, 17, 25). In A. flagrans, we found that Nox proteins exhibit
functional specializations that reflect the unique lifestyle of nematode-trapping species.
In contrast to many fungal systems in which both Nox isoforms contribute to
virulence, in A. flagrans only NoxB appears to be required for the functionality of the
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FIG 6 Model of Nox functioning during trap formation in A. flagrans. NoxA localizes to vegetative hyphae and to the tips of trap hyphae, where it is activated

by NoxR to generate ROS. A superoxide dismutase with a putative signal peptide (SOD; DFL_005675) may contribute to the conversion of O,~ to H,0,,

although superoxide can also undergo spontaneous dismutation to form H,0,. We propose H,0, as a signaling molecule. However, ROS may also facilitate actin

remodeling at hyphal tips, enabling secretion of an unknown signaling molecule required for hyphal fusion. In contrast, NoxB interacts with PIsA at the plasma

membrane at the inner rim of traps and is likewise activated by NoxR. This activity likely promotes secretion of the adhesive extracellular matrix that confers trap

stickiness and transcriptional changes critical for virulence.

traps (21-24). This is strongly supported by expression and localization data and the
phenotype of the noxB-deletion strain. While noxA was downregulated during trap
induction in response to nematodes, noxB was upregulated together with its interaction
partner plsA. NoxA predominantly localized to vegetative hyphae and was less detecta-
ble in traps. In contrast, NoxB localized to the inner rim of the traps and co-localized with
PIsA. NoxR also showed slightly stronger fluorescence in traps compared to vegetative
hyphae. These observations align with the phenotypes of the respective deletion strains:
NoxB, PIsA, and NoxR are required to promote trap adhesion, whereas NoxA together
with NoxR is specifically required for hyphal fusion and trap closure. The ROS generated
by these enzymes may re-enter the producing cell but also the target cells through
aquaporins and modulate a variety of as-yet unidentified intracellular targets in both trap
cells and hyphal tips (Fig. 6).

The mechanistic basis of reduced trap adhesion in the AnoxB strain remains
unresolved. RNA-seq analysis did not identify any downregulated candidate adhesive
proteins, although the large number of uncharacterized fungal proteins leaves open the
possibility that a relevant factor did not appear in the enrichment lists. Given the known
links between ROS signaling and cytoskeletal regulation in other systems, one possibility
is that NoxB regulates actin dynamics in trap cells to promote secretion of the adhesive
matrix (24, 51).

NoxA, in contrast, may regulate actin at the growing hyphal tip, where secretion
of cell-wall-modifying enzymes or molecules for cell-cell communication is required.
However, our results suggest a direct role of ROS as a signaling molecule, which raises
the question about the interplay between ROS and calcium signaling. In V. dahliae, it
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has been demonstrated that PIsA and NoxB modulate calcium levels within infection
structures, and disruptions in this signaling pathway lead to reduced virulence (23). A
mechanistic link between Nox and calcium signaling was established via the RAS-GAP
scaffold protein IQGAP, which interacts with Ham-6 and participates in calcium-mediated
processes (52). It is highly probable that similar calcium signaling cascades are involved
in the regulation of both hyphal fusion and virulence in A. flagrans. Oscillations of ROS
production are well documented in plant root hairs, where RBOH activity oscillates with
calcium fluctuations to generate a feedback loop controlling polarized growth (10). This
mechanism relies on calcium-activated EF-hand domains in RBOH proteins and possibly
the opening of calcium channels in response to ROS (53). Such oscillations influence
actin dynamics, secretion, and cell-wall remodeling (49). Although calcium oscillations
are well-documented in fungal hyphae, evidence for tip-localized ROS oscillations
remained elusive (54). The observed oscillation of NoxR in the current study is now
strong evidence that ROS oscillations occur at the tip of growing hyphae. Whether ROS
serves as a signaling molecule during hyphal fusion remains a subject of debate. We
identified a putative copper-only superoxide dismutase-encoding gene in the genome
of A. flagrans. The enzyme could convert ROS to H,0,. Due to their inherent unspeci-
ficity and high reactivity, ROS have been questioned as primary signaling molecules
(47). Evidence from Sordaria macrospora supports the role of Nox proteins as upstream
regulators, as their deletion leads to the significant deregulation of key communication
genes (55). Since ROS are well-established as long-distance signal mediators in various
systems, they remain a compelling candidate for an information molecule (11, 12).
Furthermore, recent studies have demonstrated the existence of unspecific communica-
tion between different fungal species (56). Consequently, a nonspecific molecule like
ROS could work together with a specific peptide to regulate this communication process.
Another possibility is that ROS produced by NoxA and NoxR at the hyphal tip regulates
the secretion of diffusible signaling molecules. In this case, both Nox proteins would
share an effect on secretion.

To determine the precise role of ROS oscillations in fungal polarized growth and
hyphal fusion, future studies should directly resolve ROS dynamics and examine their
potential coupling with calcium oscillations and downstream signaling networks.

MATERIALS AND METHODS
Strains and culture conditions

A. flagrans was cultivated on potato dextrose agar (PDA) at 28°C. All A. flagrans strains
used in this study, derived from CBS349.94, are listed in Table 1. Transgenic strains
of A. flagrans were generated by protoplast transformation (30). The Caenorhabditis
elegans N2 strain was obtained from Prof. Dr. Ralf Baumeister (University of Freiburg)
and cultured following the protocol described in WormBook (https://doi.org/10.1895/
wormbook.1.101.1).

Plasmids and strain constructions

For plasmid cloning, competent Escherichia coli TOP10 cells were used. All plasmids and
primers in this study are listed in Tables 2 and 3. Localization studies using GFP or RFP
were performed via ectopic integration of the respective plasmids into the genome.

For plasmid construction, the native promoter, open reading frame (ORF), and GFP
or mCherry were cloned into the pJET1.2 backbone, together with a hygromycin (hph)
or neomycin (neo) resistance cassette, using Gibson assembly. Deletion strains were
generated via homologous recombination. One-kilobase fragments corresponding to
the 5" and 3’ flanking regions were amplified, and an hph cassette was inserted between
them via Gibson assembly into pJET1.2. Successful homologous recombination was
confirmed by Southern blot analysis.

For the complementation of noxB, the hph cassette in the N-terminal GFP constructs
was replaced with a neo cassette. A similar approach was used for C-terminal localization

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio.01441-26 12


https://doi.org/10.1895/wormbook.1.101.1
https://doi.org/10.1128/mbio.01441-26

Downloaded from https://journals.asm.org/journal/mbio on 17 July 2026 by 2a00:6020:5031:5600:68fc:ef b0:a0b4:b8al.

Research Article

TABLE 1 A. flagrans strains used in this study

Strain Description Reference
WT CBS 349.94 CBS-KNAW
sVW10 h2b(p)::h2b::GFP; gpdA(p)::neo::trpC(t) (57)
sMK63 noxA::hph (AnoxA); trpC(p)::hph:trpC(t) This study
sMK64 noxB::hph (AnoxB); trpC(p)::hph::trpC(t) This study
sMK65 noxR::hph (AnoxR); trpC(p)::hph::trpC(t) This study
sMK66 plsA:hph (AplsA); troC(p)::hph::trpC(t) This study
sMK67 AnoxR; noxR(p)::noxR:noxR(t); gpdA(p)::neo::trpC(t) This study
sMK68 AnoxA; noxA(p)::noxA::gfp::gluC(t); gpdA(p)::neo:trpC(t) This study
sMK69 AnoxB; noxB(p)::gfp::noxB::gluC(t); gpdA(p)::neo:trpC(t) This study
sMK70 AnoxB; noxB(p)::noxB::gfp::gluC(t); gpdA(p)::neo:trpC(t) This study
sMK71 AplsA; plsA(p)::plsA:gfp::gluC(t); gpdA(p)::neo:trpC(t) This study
sMK72 h2b(p)::h2b::mCherry:tub(t); noxA(p)::h2b:mCherry::tub(t); This study
trpC(p)::hph::trpC(t); gpdA(p)::neo::trpC(t)
sMK73 h2b(p)::h2b::mCherry:tub(t); noxB(p)::h2b::mCherry::tub(t); This study
trpC(p)::hph::trpC(t); gpdA(p)::neo::trpC(t)
sMK75 h2b(p)::h2b::mCherry:tub(t); noxR(p)::h2b::mCherry::tub(t); This study
trpC(p)::hph::trpC(t); gpdA(p)::neo::trpC(t)
sMK76 h2b(p)::h2b::mCherry:tub(t); plsA(p):h2b:mCherry:tub(t); This study
trpC(p)::hph::trpC(t); gpdA(p)::neo::trpC(t)
sMK77 noxR(p)::noxR::gfp::gluC(t); troC(p)::hph::trpC(t) This study
sMK78 noxR(p)::noxR::gfp::gluC(t); trpC(p)::hph::trpC(t); h2b(p)::r- This study
GECO:gluC(t); gpdA(p)::neo::trpC(t)
sMK79 noxA(p)::gfp::noxA:gluC(t); troC(p)::hph::trpC(t) This study
sMK80 cdc10(p)::cdc10::mCherry::gluC(t); gpdA(p)::neo:trpC(t) This study
sMK81 AnoxB; cdc10(p)::cdc10:mCherry::gluC(t); gpdA(p)::neo:trpC(t)  This study

’

of NoxA and PIsA. For the complementation of noxR, the ORF, along with 1 kb of 5" and 3
flanking sequences, was cloned into pJET1.2 together with a neo cassette.

Microscopy and trap induction

For microscopy, fungal strains were inoculated on slides with LNM (1 g/L KCl, 0.2 g
MgS04-7H50, 0.4 mg MnSO4-4H50, 0.88 mg ZnSO4-7H50, 3 mg FeCl3-6H50, 15 g agar, pH
5.5). Spores were placed on 2 X 2 cm agar pads and incubated at 28°C for 12-24 h in
darkness. For the induction of traps, around 2,000 C. elegans nematodes were added to
the LNA agar slides. Trap counting was performed in triplicate, using three separate agar
slides, each with a counted area of 0.5 cm?.

Live cell imaging of A. flagrans was performed using a confocal microscope (Airyscan
LSM900, Zeiss, Germany) with a 63x NA 1.4 oil objective lens (DIC M27). Time series were
acquired with a gallium arsenide phosphide photomultiplier tube (GaAsP-PMT) detector,
using 488 or 561 nm excitation. Differential interference contrast (DIC) images were
captured on a Zeiss Axiolmager Z.1 equipped with an AxioCam MR.

For NBT staining, 100 pL of a 0.5% NBT solution was added to an LNM agar slide and
incubated at room temperature in the dark.

Nematode trapping assay

To evaluate trap efficiency, WT and deletion strains were inoculated on LNM as described
in “Microscopy and trap induction.” After 24 h, the agar pads were washed with sterile
water to remove nematodes as thoroughly as possible. Small agar pieces (0.25 cm?)
were then excised, and the number of traps was counted. Approximately 150 synchron-
ized L4-stage nematodes were added to the fungal samples. Time-lapse imaging was
performed for 30 min using a Zeiss Axio Zoom.V16, and traps capturing L4 nematodes
were quantified.
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TABLE 2 Plasmids used in this study

Name Description Reference
pVW125 h2b(p)::r-GECO::gluC{(t); gpdA(p)::neo::trpC(t) (45)

pPMK23 plsA(p)::h2b::mCherry::tub(t); trpC(p)::hph::trpC(t) This study
pPMK25 plsA::hph (AplsA); trpC(p)::hph::trpC(t) This study
pMK27 plsA(p):plsA:gfp::gluC(t); troC(p):hph:trpC(t) This study
pPMK63 noxA::hph (AnoxA); trpC(p)::hph::trpC(t) This study
pMK64 noxB::hph (AnoxB); trpC(p)::hph::trpC(t) This study
pPMK65 noxR::hph (AnoxR); trpC(p)::hph::trpC(t) This study
pMK67 noxR(p)::noxR::noxR(t); gpdA(p)::neo::trpC(t) This study
pPMK68 noxA(p)::noxA:gfp::gluC(t); gpdA(p)::neo:trpC(t) This study
PMK69 noxB(p)::gfp::noxB::gluC(t); gpdA(p)::neo::trpC(t) This study
pPMK70 noxB(p)::noxB::gfp::gluC(t); gpdA(p)::neo::trpC(t) This study
pPMK71 plsA(p):plsA:gfp::gluC(t); gpdA(p)::neo:trpC(t) This study
PMK72 noxA(p)::h2b::mCherry::tub(t); troC(p)::hph::trpC(t) This study
pPMK73 noxB(p)::h2b::mCherry::tub(t); trpC(p)::hph::trpC(t) This study
PMK75 noxR(p)::h2b::mCherry::tub(t); trpC(p)::hph::trpC(t) This study
pPMK77 noxR(p)::noxR::gfp::gluC(t); troC(p)::hph:trpC(t) This study
pPMK78 noxA(p)::gfp:noxA:gluC(t); trpC(p)::hph::trpC(t) This study
pPMK79 cdc10(p)::cdc10::mCherry::gluC(t); gpdA(p)::neo::trpC(t) This study

Southern blot

To verify the deletion of the noxA, noxB, noxR, and plsA genes, a Southern blot analysis
was conducted. For gDNA extraction, the fungus was inoculated in 6 cm Petri dishes with
potato dextrose broth and incubated for 48 h at 28°C. The gDNA extraction followed
a standard protocol (58). The gDNA of the WT and the respective deletion strains were
collected and digested with an appropriate restriction enzyme overnight. The analysis
followed standard protocols.

RNA extraction and quantitative RT-PCR

For RNA extraction, 10° A. flagrans spores were plated on cellophane-covered LNM plates
and incubated at 28°C for 24 h. Nematodes were then added to the fungal culture, and
after an additional 24 h of incubation, the mycelium was harvested and immediately
frozen in liquid nitrogen. Total RNA was extracted using the E.Z.N.A. Fungal RNA Mini Kit
(Omega Bio-Tek), followed by DNA digestion using the TURBO DNA-free Kit (Invitrogen).

RT-gPCR was performed using the Luna Universal One-Step RT-qPCR Kit (NEB) on a
CFX Connect Real-Time PCR Detection System (Bio-Rad). Reactions were carried out in
a total volume of 20 pL containing 0.2 uM of each oligonucleotide and 50 ng of RNA.
The h2b gene served as the housekeeping reference. Each experiment included three
biological replicates and three technical replicates.

The RNA sequencing was performed by BGI (Hong Kong, China). For each strain,
RNA from three nematode-induced biological replicates was pooled and submitted for
sequencing.

Statistical analysis

Unless otherwise stated, experiments were performed in triplicate. P values were
calculated using an unpaired t-test in GraphPad Prism 9. Data presented in column
graphs or scatter plots represent the mean * standard deviation (SD), as specified in the
figure legends. P values are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****p
< 0.0001.
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TABLE 3 Oligonucleotides used in this study

mBio

Name Sequence (5”to 3") Description
NoxA-Pf-fw TTGTAAAACGACGGCCAGTGAATTCATGCAGGTCGAGTTACGTC noxA promoter fusion
NoxA-Pf-rev TTTCGGCGGCGGCTTTTGGTGGCATCTTGGCGGTATATCCCAGA noxA promoter fusion
NoxA-GFP-fw ATGCTCTTTCCCTAAACTCCCCCCAATGCAGGTCGAGTTACGTC NoxA-GFP
NoxA-GFP-rev GATTACTTACCTCACCCTTGGAAACGAAGTGTTCTTTCCAGAAGGA NoxA-GFP
NoxA-GFP-Nter-Pro-1-fw ATGCTCTTTCCCTAAACTCCCCCCAATGCAGGTCGAGTTACGTC GFP-NoxA
NoxA-GFP-Nter-Pro-2-rev TACTTACCTCACCCTTGGAAACCATCTTGGCGGTATATCCCAGA GFP-NoxA
NoxA-GFP-Nter-GFP-3-fw TCGCCATCTGGGATATACCGCCAAGATGGTTTCCAAGGGTGAGGT GFP-NoxA
NoxA-GFP-Nter-GFP-4-rev TCGACTCTTGTTTATCTGCTGCCATAGCGGCCGCTTTGTAAAGT GFP-NoxA
NoxA-GFP-Nter-Orf-5-fw GGATGAACTTTACAAAGCGGCCGCTATGGCAGCAGATAAACAAGAGT GFP-NoxA
NoxA-GFP-Nter-Orf-6-rev TAATCATACATCTTATCTACATACGCTAGAAGTGTTCTTTCCAGAAG GFP-NoxA

NoxA-lb-fw
NoxA-lb-rev
NoxA-rb-fw
NoxA-rb-rev
NoxA-re-GFP-fw
NoxA-re-GFP-rev
NoxB-Pf-fw
NoxB-Pf-rev
Fw-NoxB-Nter-1
Rev-NoxB-Nter-2
Fw-NoxB-Nter-3
Rev-NoxB-Nte-4
Fw-NoxB-Nter-5
Rev-NoxB-Nter-6
tGluC-fw
NoxB-Ib-fw
NoxB-Ib-rev
NoxB-rb-fw
NoxB-rb-rev
NoxR-PF-fw
NoxR-PF-rev
NoxR-LB-fw
NoxR-LB-rev
NoxR-RB-fw
NoxR-RB-rev
NoxR-GFP-fw
NoxR-GFP-rev
NoxR-re-fw
NoxR-re-rev
Fw-PIsA-PF
Rev-PIsA-PF
Fw-HR-PIsA-lb
Rev-HR-PIsA-Ib
Fw-HR-PIsA-rb
Rev-HR-PIsA-rb
PlsA-GFP-re-fw
PlsA-GFP-re-rev
H2B_qPCR_A.flagrans_fwd
H2B_gPCR_A flagrans_rev
NoxA-qPCR_fw2
NoxA-qPCR_rev2
NoxB-qPCR-fw

GATGGCTCGAGTTTTTCAGCAAGATGACAAGAAACAAATTTGTGCCAAA
GTTGACCTCCACTAGCATTACACTTCTTGGCGGTATATCCCAGAT
ATGCTCTTTCCCTAAACTCCCCCCAGAAAAAAAAAATAAAAATAATCTTT
ATTGTAGGAGATCTTCTAGAAAGATCGCAATTTGTGTTGTTGA
GATGGCTCGAGTTTTTCAGCAAGATGGTATCTATTACATTGCATT
CCGCTCGACGTAACTCGACCTGCATTGGGGGGAGTTTAGGGAAAG
TTGTAAAACGACGGCCAGTGAATTCGATTATAGATACATGTTCGGTCG
AACGCAATGCAATGTAATAGATACCCTAAGCGGCCGCTTTGTAAA
ATGCTCTTTCCCTAAACTCCCCCCAGATTATAGATACATGTTCGG
TACTTACCTCACCCTTGGAAACCATTGCTTCTCAGTTTCGGACCG
CAATACGGTCCGAAACTGAGAAGCAATGGTTTCCAAGGGTGAGGT
ACGAGATCGAGCTTCTCACTGGCATAGCGGCCGCTTTGTAAAGTTCATCC
GGATGAACTTTACAAAGCGGCCGCTATGCCAGTGAGAAGCTCGAT
TAATCATACATCTTATCTACATACGTCAGAAATTCTCTTTGCCCC
CGTATGTAGATAAGATGTAT
GATGGCTCGAGTTTTTCAGCAAGATCTTCTGTATATGGCACGGCA
GTTGACCTCCACTAGCATTACACTTTGCTTCTCAGTTTCGGACCG
ATGCTCTTTCCCTAAACTCCCCCCATGTGAGAATTTGGCTGCTCAAAA
ATTGTAGGAGATCTTCTAGAAAGATTTGACCATGCCAGCCCCAA
TTGTAAAACGACGGCCAGTGAATTCCGAGCCTAGGTTGGACGTCC
TTTCGGCGGCGGCTTTTGGTGGCATGATGATGATGTGCACTTAGT
GATGGCTCGAGTTTTTCAGCAAGATTCCATCAGTATTCCCCATCG
GTTGACCTCCACTAGCATTACACTTCTAAGCGGCCGCTTTGTAAA
ATGCTCTTTCCCTAAACTCCCCCCAACACGCCGCCCTCCTAAACT
ATTGTAGGAGATCTTCTAGAAAGATCACCATTTCCCTCAATCTGC
CAATACGGTCCGAAACTGAGAAGCAATGTCGTTAAAACAGGTGGGTT
GATTACTTACCTCACCCTTGGAAACCGCCTCGAAGGCCCAAAT
ATGCTCTTTCCCTAAACTCCCCCCATCC ATC AGT ATT CCC CAT CG
ATTGTAGGAGATCTTCTAGAAAGAT CACCATTTCCCTCAATCTGC
TTGTAAAACGACGGCCAGTGAATTCTTCGAAAAATGTTCCTTTGGATGG
TTTCGGCGGCGGCTTTTGGTGGCATCTTGGCGGTGTTCGTGATG
GATGGCTCGAGTTTTTCAGCAAGATCGGATGTTGCCCAAACTTTTC
GTTGACCTCCACTAGCATTACACTTCTTGGCGGTGTTCGTGATG
ATGCTCTTTCCCTAAACTCCCCCCAAAGAGCCTAAAGAAGTTGGAAGTT
ATTGTAGGAGATCTTCTAGAAAGATATAAGAATATCTTCGGATTGAAGGG
GATGGCTCGAGTTTTTCAGCAAGATGGTATCTATTACATTGCATT
GGATGAAAAGTTTGGGCAACATCCGTGGGGGGAGTTTAGGGAAAG
TGAAGCAAGTCCACCCTGAT

GAAGCCTCAGTAGCAACACG

ACAGGAAATCGAAATTTGGGTG

CCATCCGTATGCAAAGAGG

GACGGCATGGTCAATCGTAT

Deletion noxA

Deletion noxA

Deletion noxA

Deletion noxA

NoxA GFP complementation
NoxA GFP complementation
noxB promoter fusion
noxB promoter fusion
GFP-NoxB

GFP-NoxB

GFP-NoxB

GFP-NoxB

GFP-NoxB

GFP-NoxB

Backbone

noxB deletion

noxB deletion

noxB deletion

noxB deletion

noxR promoter fusion
noxR promoter fusion
noxR deletion

noxR deletion

noxR deletion

noxR deletion

NoxR-GFP

NoxR-GFP

noxR complementation
noxR complementation
plsA promoter fusion

plsA promoter fusion

plsA deletion

plsA deletion

plsA deletion

plsA deletion

PlsA-GFP complementation
PlsA-GFP complementation
qPCR housekeeping gene
qPCR housekeeping gene
noxA qPCR

noxA qPCR

noxB qPCR
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TABLE 3 Oligonucleotides used in this study (Continued)

mBio

Name Sequence (5”to 3") Description
NoxB-qPCR-rev TTCGCCCGACGATATTTC noxB qPCR
PIsA-qPCR-fw CCAATGCTGCGGTTATGTCT plsA qPCR
PIsA-gPCR-rev CCATGGCAGTGCAGCACA plsA qPCR
qPCR-NoxR-fw ACAGGAAATCGAAATTTGGGTG noxR qPCR
qPCR-NoxR-rev AAGTAATTGTCTAGCTTCACGG noxR qPCR

Fw_Nter-NoxB-res
Rev_Nter-NoxB-res
mCherry-Pls-neo-fw
mCherry-Pls-neo-rev
Cdc10-fw

GATGGCTCGAGTTTTTCAGCAAGATGGATCCGGTATCTATTACATTG
CTCGACCGAACATGTATCTATAATCTGGGGGGAGTTTAGGGAAA
CGAGAAGCGAGGATTGGGTGCCATTGTAAGCAAGGGCGAGGTAA
TAATCATACATCTTATCTACATACGCTAAGCGGCCGCTTTGTAG
ATGCTCTTTCCCTAAACTCCCCCCAAGAAGTTGAGGATATATGAT

GFP-NoxB with neo
GFP-NoxB with neo
PIsA-mCherry
PIsA-mCherry
Cdc10-mCherry

Cdc10-rev CCTCGCCCTTGCTTACCTTAATTAAGTGACCATTCGCCTCATCTG Cdc10-mCherry
pJlet-fw ATCTTTCTAGAAGATCTCCTACAATATTC Backbone
plet-rev ATCTTGCTGAAAAACTCGAGC Backbone
trpC_rev TGGGGGGAGTTTAGGGAAAG Backbone
h2b_cds_fwd ATGCCACCAAAAGCCGCC Backbone
Efi_bb_rev GAATTCACTGGCCGTCGTTT Backbone
GFP-fw ATGGTTTCCAAGGGTGAGGT Backbone
mCherry-fw ATGGTAAGCAAGGGCGAGG Backbone
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